The temperature dependence of the A, B, and C excitons of ZnO, observed in modulated reflectivity spectra of 
I. INTRODUCTION
The temperature dependence of band gaps of the tetrahedrally coordinated semiconductors has been the subject of many experimental and theoretical studies ever since the original discovery of the absorption edge of Si and its shift with temperature by Becker and Fan. 1 It has been theoretically identified [2] [3] [4] to arise from the superposition of two effects: thermal expansion of the crystal and electron-phonon interaction ͑at constant volume͒, both effects being dependent on the thermal population of the phonon modes. In this context, the measurement of a band gap ͑E G ͒ shift with temperature provides an ideal test of theories of electron-phonon interaction. 5 In addition, the temperature dependence of the band gap can yield E G ϱ , its hypothetical value in the absence of phonons, i.e., for a static lattice composed of the "infinitely" massive isotopes of the constituent atoms. This information is invaluable for testing ab initio calculations of the electronic band structure. 6 Closely related to the temperature dependence of the band gap is its variation with isotopic masses of atoms composing the semiconductor. At a fixed temperature, the population of phonon modes is governed by the isotopic masses, resulting in an isotopic dependence of the band gap via volume expansion as well as electron-phonon interaction. With the recent access to isotopically engineered semiconductors, lowtemperature spectroscopic measurements of band gaps of several elemental [7] [8] [9] [10] [11] [12] and binary 13 tetrahedrally coordinated semiconductors have been the object of study. They have yielded with great precision the zero-point renormalization of the band gaps, i.e., the deviation of the band gap at absolute zero from that in the static lattice caused by the quantum vibrational amplitudes at T =0.
Theoretical considerations 5, 9 have predicted an interesting interplay between the temperature and the isotopic mass dependence: the latter is most pronounced at low temperatures and tends to zero above the Debye temperature. The present work addresses this prediction experimentally.
ZnO is a wide band-gap II-VI wurtzite semiconductor, attractive for a variety of technological applications.
14 Previously, the temperature dependence of its A, B, and C excitonic band gaps, associated with the lowest conduction band and the top three valence bands at the center of the Brillouin zone, has been studied from 4.2 to 300 K employing reflectivity, 15 photoluminescence ͑PL͒, [15] [16] [17] and photoluminescence excitation spectroscopy ͑PLE͒. 18 In addition, the isotopic dependence of the ZnO band gaps has been investigated at low temperature by wavelength-modulated reflectivity 19, 20 and PL. 17 In this study we present results on the A, B, and C excitonic band gaps of ZnO as a function of temperature. The sharp signatures observed by using photomodulation allowed us to extend the temperature range of experimental data to 400 K and deduce their zero-point renormalizations in 20 . For the temperature dependence of excitons of the natural ZnO, measurements were performed with unpolarized light using flat surfaces parallel to the c axis. In the temperature range 4.2-295 K, the sample was placed inside a continuous flow He cryostat. The experiments at temperatures higher than 295 K ͑room temperature͒ were performed with the sample inside an electrically heated oven, equipped with a fused quartz optical window. In both cases the temperature was regulated by a temperature controller.
In wavelength modulation, a sharp spectral feature, associated with the source, overlapped with the A and B excitonic features of ZnO above 150 K. This limited the use of wavelength modulation to lower temperatures, at which excitonic features are spectrally shifted from those of the light source. Thus the contactless photomodulation was preferred for the high-temperature study.
III. THEORETICAL BACKGROUND
The dependence of the band gap ͑E G ͒ on temperature for constant isotopic mass ͑M͒ and pressure ͑P͒ can be written as
.
͑1͒
Here D =−B͑‫ץ‬E G / ‫ץ‬P͒ T,M is the deformation potential for hydrostatic strain and B is the bulk modulus. The first term on the right-hand side of Eq. ͑1͒ results from the electronphonon interaction and the second is due to the thermal expansion of the crystal. It follows from Eq. ͑1͒ that the band gap at temperature T with respect to that at absolute zero is given by
It is convenient to express E G ͑T =0, M , P͒ in terms of the band gap expected for the static lattice E G ϱ and its corresponding renormalization by zero-point vibrations,
The superscript "ϱ" in E G ϱ denotes an infinite isotopic mass, which corresponds to the static lattice at any temperature. In Eq. ͑3͒, the zero-point renormalization is expressed as a sum of two terms, ⌬E G e−ph and ⌬E G vol , due to the electron-phonon interaction and the change in the volume caused by zeropoint vibrations, respectively.
Combining Eqs. ͑2͒ and ͑3͒, the temperature dependence of the band gap is given by
where the term in the first square bracket is the band-gap renormalization due to electron-phonon interaction and that in the second square bracket represents the effect of the change in volume with temperature. An expression for the former can be found in Eq. ͑3͒ of Ref. 22 , viz.
where j and q denote the branch and wave vector of a phonon mode, respectively, its population n j,q at temperature T being determined by Bose-Einstein statistics. The summation in Eq. ͑5͒ is performed over all phonon modes.
In order to evaluate the renormalization due to the change in volume, we note that ⌬E G vol can be written as
where V 0 is the volume of the static lattice. Thus we obtain
where ⍀ j ͑q͒ is the frequency of the phonon mode j, q and
is its mode Grüneisen parameter. In the temperature range employed in the present investigation, the second term on the right-hand side of Eq. ͑7͒ is much smaller than the first term and Eq. ͑6͒ can be approximated by
. Combining Eqs. ͑4͒, ͑5͒, and ͑8͒, the temperature dependence of the band gap becomes
ͪ. ͑9͒
Calculation of the coefficients ͑‫ץ‬E G / ‫ץ‬n j,q ͒ and the Grüneisen parameters for all the phonon modes of a crystal is a formidable task requiring a good knowledge of the electron band structure and the lattice dynamics. A more popular and significantly simpler theoretical approach to the temperature dependence of the band gap involves a two-oscillator approximation. 22, 24, 25 The approximation assumes that the lattice dynamics of the semiconductor can be described in a satisfactory manner by two harmonic oscillators, for instance, an average acoustic and an average optic mode.
In the case of ZnO, with its large difference in the masses of the anion and the cation, the amplitude of the acoustic mode is dominated by the heavy mass ͑Zn͒ and that of the optic mode by the light mass ͑O͒, transforming Eq. ͑9͒ into
Here ⍀ Zn and ⍀ O are the average frequencies of the Zndominated modes 26 
where i = Zn, O was used. This expression results from the renormalization of electronic energies by electron-phonon interaction treated as time-dependent perturbation with respect to the electronic levels of the static lattice. 5 The interaction term linear in phonon displacement treated as a first-order perturbation yields zero renormalization. The largest contribution then arises from the linear term treated to the second order ͑Fan terms 3 ͒ and a term quadratic in displacements treated to the first order ͑Debye-Waller terms 4 ͒, both yielding renormalization quadratic in phonon amplitude, i.e., proportional to ͑n i +1/2͒ / ͑⍀ i M i ͒. 27 Thus the dependence of the band gap E G on the phonon population factor n i is given through Eq. ͑11͒ with the appropriate parameter A i .
According to Eq. ͑10͒, at absolute zero the dependence of the band gap on isotopic mass is
Since ⍀ Zn and ⍀ O are inversely proportional to the square root of the corresponding isotopic masses, the two renormalization terms scale as M Zn −1/2 and M O −1/2 , respectively. In contrast, at very high temperatures, when k B T ӷប⍀ Zn , ប⍀ O , the expression for the band gap becomes
i.e., independent of isotopic mass.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In our recent low-temperature experiments 20 on singlecrystal ZnO, we showed that modulated reflectivity, employing wavelength-, electro-, or photomodulation, yields three sharp spectroscopic features related to the excitonic band gaps at the ⌫ point, corresponding to electronic transitions from the top three valence bands to the lowest conduction band. Using linearly polarized light, two low-energy transitions, labeled A and B, are observed for polarization perpendicular to the c axis of ZnO with the wurtzite structure and the high-energy transition, labeled C, for parallel polarization. 20 These results are in agreement with the polarization selection rules predicted by group theory. 28 In the present investigation, modulated reflectivity spectra were recorded using unpolarized light for a ZnO sample with natural isotopic composition in the temperature range from 10 to 400 K. Figure 1 shows such spectra obtained with photomodulation. As the temperature increases, three sharp features, spectroscopically resolved at low temperatures, shift to lower energy and become broader. The closely spaced A and B features, corresponding to a spin-orbit splitting, merge together at ϳ300 K and all three features become indistinguishable around 400 K.
We have previously shown 20 that the line shape of the wavelength-modulated reflectivity spectra of ZnO observed at liquid-He temperatures can be accounted for by a polariton model. 29 The same polariton model is used in the present study to fit the photomodulated reflectivity spectra. In calculating the modulated reflectivity spectra, a simplifying assumption is made that the mechanically chopped, co-incident laser radiation modulates only the band gap, but does not affect all the other parameters used in the polariton model. 20 The transverse excitonic energies determined for the A, B, and C band gaps of ZnO by fitting the modulated reflectivity spectra to the polariton model are plotted as a function of temperature in Fig. 2 . The experimental data, shown as sym-bols, were fitted with a simplified version of Eq. ͑10͒, i.e.,
where the coefficients C Zn and C O are given by
The notation in Eq. ͑14͒ is chosen to conform to that in Eq. ͑9͒ of Ref. 20 . For the fitting procedure, the average frequencies of the Zn-dominated and O-dominated phonon modes were obtained as the weighted average frequencies of the acoustic and optic phonons, respectively, calculated for the zincblende modification of ZnO and shown in Table VII present work are different from those of the isotopic investigation. This probably results from the limited range of the temperature data available for the A band gap, as a consequence of the spectroscopic feature A being completely blocked by the close by, stronger feature B for temperatures higher than 300 K ͑see Fig. 1͒ . To summarize, the analysis of the temperature and isotopic dependence of the A, B, and C excitonic band gaps of ZnO in terms of the two-oscillator model yields consistent results.
Band gap ͑sample͒
Using parameters appropriate for zinc-blende ZnO, relative contributions of the electron-phonon interaction and the thermal expansion to the temperature dependence of the band gap can be estimated. The thermal-expansion contribution is given by the term Tables I and VII The results presented in Table II are in good agreement with those obtained in the isotopic study ͑Table IV of Ref.
20͒. For instance, the electron-phonon and the thermalexpansion contributions to the Zn-related term in Eq. ͑14͒ have opposite signs, with the magnitude of the former being approximately an order of magnitude larger than that of the latter. The O-related term is dominated by the electronphonon contribution, similar to the results of the isotopic study, 20 although the relative strengths of the two contributions are slightly different in the present and the isotopic investigations. The positive thermal-expansion contribution to the Zn-related term is a result of the negative average Grüneisen parameter for acoustic phonons. 30 As was already mentioned in Refs. 17 and 20, the contribution of the oxygen vibrations to the gap renormalization at T = 0 is about five times larger than that of the zinc vibrations. Such large renormalization is characteristic of materials with atoms from the second row of the periodic table ͑C, N, O͒. 5, 32, 33 This fact reflects a large electron-phonon interaction at the top valence band of semiconductors containing such elements ͑e.g., diamond, GaN, ZnO͒ which has been shown to lead to superconductivity in boron-doped diamond. 34 The corresponding effect in silicon has been recently observed to exhibit a much lower T c ͑T c ϳ 0.3 K͒ as it corresponds to a lower phonon-hole interaction. 35 Because of the phonon-hole interaction related to the presence of oxygen, p-type ZnO may show superconductivity at a higher T c or a lower hole concentration than reported for Si. 32 In a separate experimental effort, we made an attempt to verify the decreasing isotopic dependence of the band gap with increasing temperature predicted in Eqs. ͑12͒ and ͑13͒. The small size of the isotopically engineered sample necessitated the use of the wavelength-modulation technique. 20 The wavelength-modulated reflectivity spectra in Fig. 3 clearly demonstrate that the difference 18 O in the temperature range 10-240 K is plotted in Fig. 4 as a function of temperature. Experimental data, shown by symbols, were fitted with Eq. ͑14͒, the corresponding solid lines representing the fits, the fitting parameters being included in Table I 18 O calculated at high temperatures using the fitting parameters ͑Table I͒ are in excellent agreement, supporting the independence of the band gap from the isotopic mass at high temperatures.
V. CONCLUSIONS
We have investigated the temperature dependence of the A, B, and C excitons of ZnO from low to high temperatures. The experimental temperature data led to zero-point renormalization of the band gaps of ZnO with natural isotopic composition which agree with those determined through isotopic substitution in Refs. 17 and 20. These results verify the equivalence of both methods of obtaining zero-point renormalizations of energy gaps.
The temperature dependence of the band gap is compared for two samples with different isotopic compositions. The difference in their C gap renormalizations decreases with increasing temperature and approaches zero for T tending to infinity, as expected for the classical limit of the electronphonon interaction. A fit to the measured temperature dependence of the A, B, and C excitons, using a two oscillator model, 37 reveals that the interaction of the gap electrons with the oxygenlike component of the lattice vibrations is much stronger than that with the zinclike component, thus reproducing the behavior observed for other semiconductors containing elements of the second row of the periodic table O. Symbols are experimental data obtained from the fits of WMR spectra to the polariton model and lines are two-oscillator fits to Eq. ͑14͒.
